The crystal structure of a biologically active (E)-1-[(2-chloro-1,3-thiazol-5-yl)methyl)]-3-methyl-2-nitroguanidine with molecular formula C 6 H 8 N 5 O 2 ClS has been investigated based on the molecular conformation and the supramolecular packing in terms of intermolecular interactions involving N-H⋅ ⋅ ⋅ O, N-H⋅ ⋅ ⋅ N, and C-H⋅ ⋅ ⋅ O-N (nitro group), C-H⋅ ⋅ ⋅ N (thiazol) hydrogen bonds, offset -stacking, C-H⋅ ⋅ ⋅ and N(-NO 2 )⋅ ⋅ ⋅ C=N intermolecular interactions. Furthermore, a short C-Cl⋅ ⋅ ⋅ O-N contact is also present which contributes towards the crystal packing. The lattice energy of the title compound has been calculated using the PIXEL approach (the Coulomb-London-Pauli (CLP) model) and compared with periodic calculations performed using CRYSTAL09. In addition, Hirshfeld surface analysis and fingerprint plots provide a platform for the evaluation of the contribution of different intermolecular interactions towards the packing behaviour.
Introduction
(E)-1-(2-Chloro-1,3-thiazol-5-ylmethyl)-3-methyl-2-nitroguanidine [1] constitutes a new class of neonicotinoid insecticides [2] [3] [4] [5] , which is useful to rice, leafy vegetables, tomato, and tea to control noxious insects, with excellent systemic action [6] . Clothianidin exhibits excellent control efficacies in small amounts for a wide variety of insect pests such as Hemiptera, Thysanoptera, Coleoptera, Lepidoptera, and Diptera for a long term, with excellent systemic action and by a variety of application methods [7] . The crystal structure of this title compound has been reported in 2003 [8] . It is of interest to investigate the crystal packing of the molecule in the solid state. Furthermore, an investigation of the molecular conformation in the solid state and comparison with the gas phase is also of relevance. In addition, a quantitative estimation of the energetics and nature of weak intermolecular interactions which pack the solid have also been performed. Keeping in mind the abovementioned viewpoints we have recrystallized the compound and redetermined the crystal structure by single crystal X-ray diffraction at 100(2)K. The previous determination was performed at 153 K [8] .
The total lattice energy has also been calculated and this is divided into the corresponding Coulombic, polarization, dispersion, and repulsion energies [9] . The molecular pairs (in the crystal packing) were extracted and their energies were compared with the values obtained from high level DFT + disp calculations at the crystal geometry with BSSE [10] corrections. The lattice energy obtained from the PIXEL has been compared with the value achieved from Crystal 09 [11] . Hirshfeld surfaces [12] mapped with norm using a red-white-blue colour scheme, where red is used to indicate the shorter contacts, white is used for contacts around the vdW separation, and blue is for longer contacts along with the fingerprint plots [13] , have been studied to evaluate the contribution of the individual types of interaction within the crystal structures. Hirshfeld surface and fingerprint plots of the title compounds also provide the information about the different supramolecular interaction motifs. CSD search 2 Journal of Crystallography (version 5.34 updates February 2013) also provides one result on the -stacking of the thiazole ring which is close to our analysed value [14] .
Experimental
The compound was purchased from Bayer Crop Science Ltd, Mumbai. The pure compound was dissolved in methanol and crystals obtained at room temperature. The melting point of the title compound obtained from DSC is 178.20 ∘ C ( Figure S1 , see Supplementary Material available online at http://dx.doi.org/10.1155/2014/585282).
X-Ray
Crystallography. X-ray diffraction datasets were collected on a three-circle Bruker APEX-II diffractometer equipped with a CCD area detector using Mo-K radiation ( = 0.71073Å) in and scan modes. The crystal structures were solved by direct methods using SIR92 [15] and refined by the full matrix least squares method using SHELXL97 [16] present in the program suit WinGX [17] . The nonhydrogen atoms are refined anisotropically and the hydrogen atoms bonded to C atoms were positioned geometrically and refined using a riding model with iso (H) = 1.2 eq (C, N) for aromatic hydrogens and iso (H) = 1.5 eq (C) for hydrogen atoms of the methyl group and methylene group. The molecular connectivity was drawn using ORTEP32 [18] and the crystal packing diagrams were generated using Mercury 3.1 (CCDC) program [19] . Geometrical calculations were done using PARST [20] and PLATON [21] . Powder X-ray diffraction (PXRD) data was recorded for the solid compounds and then compared with the simulated PXRD patterns generated from the crystal coordinates in Mercury 3.1 and the final plot was drawn in OriginPro 8. The details of the crystal data, data collection, and structure refinements are shown in Table 1 . Hirshfeld surfaces and the associated 2D-fingerprint plots were generated using Crystal Explorer 3.0 [22] .
Theoretical Calculations.
The geometrical optimization of the molecule has been performed at the B3LYP/6-31G * * level of calculation using TURBOMOLE [23, 24] . The selected torsion angles of compound obtained from theoretical calculations were then compared with the solid state. DFT + Disp calculations were done with the functional B97-D using a higher basis set aug-cc-pVTZ in TURBOMOLE. The lattice energies of these crystal structures have been calculated by PIXEL using the Coulomb-London-Pauli (CLP) model of intermolecular Coulombic, polarization, dispersion, and repulsion energies. Furthermore, high level DFT + Disp quantum mechanical calculations for comparison with the pairing energies obtained from PIXEL method have been carried out.
Results and Discussion
Clothianidin (Figure 1 ) crystallizes in a centrosymmetric triclinic space group P-1 with one molecule in the asymmetric unit, thus having = 2. The molecule contains one thiazole Figure 1 : ORTEP of the title compound drown with 50% ellipsoidal probability. Bending arrows indicate the significant torsion angles in the asymmetric unit and the dotted lines designate the intramolecular hydrogen bond between amidic hydrogen (H5) and oxygen atom (O2) of the nitro group and N⋅ ⋅ ⋅ S short contact. moiety and one Cl atom. In addition, a nitroguanidine moiety is attached via methylene bridge of the thiazole ring. Clothianidin bears a total of five types of nitrogen with different electronic environment, among them N1 and N3 have more basic character than the other nitrogen atoms because of the lone pair of electrons present compared to N2 and N5 which are involved in resonance with the imine bond. Tables 2 and 3 list some selected torsion angles and bond angles present in the molecule, respectively. The N2-C4-C2-C3 torsion angle value differs by 12 ∘ from the theoretical value obtained after the geometrical optimization at the B3LYP/6-31G * * level of calculation using TURBOMOLE. The remaining experimental torsion angles (indicated in Figure 1 ) are close to the theoretical values. The bond angle C5-N5-C6 differs by 2 ∘ when compared to the value obtained from the gaseous state. In Figure 2 , the overlay diagram has been drawn to show the differences in molecular conformation, with the molecule in the solid state being compared with the geometry in the gas phase. The molecule is "V-shaped" the planar thiazole ring is in one plane, and the nitroguanidine moiety is in another plane (due to electron delocalisation of the lone pair of electrons of N2 and N5 over the double bond and the nitro group). The dihedral angle between the two planes is 116.16(4) ∘ .
3.1. Crystal Packing. All the geometrically relevant intra-, intermolecular hydrogen and halogen bonds in the title compound are given in Table 4 . The geometrical restrictions placed on the intermolecular H-bonds are the sum of the van der Waals radii + 0.4Å; the directionality is greater than 110 ∘ [25] . The crystal packing of this molecule has been described via C-H⋅ ⋅ ⋅ O, N-H⋅ ⋅ ⋅ O, C-H⋅ ⋅ ⋅ N, N-H⋅ ⋅ ⋅ N, C-H⋅ ⋅ ⋅ [26] [27] [28] , offset -stacking [29] , Cl⋅ ⋅ ⋅ O halogen bond, and N(-NO 2 )⋅ ⋅ ⋅ C=N intermolecular interactions. An intramolecular short contact between N3 and S1 with a distance of 2.87Å along with an intramolecular N-H⋅ ⋅ ⋅ O hydrogen bond is present in the molecular conformation. The bifurcated acceptor N1 forms one C-H⋅ ⋅ ⋅ N hydrogen bond and one N-H⋅ ⋅ ⋅ N hydrogen bond (involving H5 and H6B, resp.) along the -axis. Two adjacent centrosymmetric layers are connected by C-H⋅ ⋅ ⋅ O hydrogen bonds (involving H6A and H6C with O2 and O1, resp.), C-H⋅ ⋅ ⋅ intermolecular interactions (involving H4B), and -stacking (involving Figure 4 ). Also, the N atom (having positive charge) on the nitro group interacts with the carbon atom (C5), with the distance being 3.162(2)Å.
Extracted molecular pairs obtained from the PIXEL calculation have been discussed in the order of decreasing interaction energy ( Table 5 and Figure 4 ). One C-H⋅ ⋅ ⋅ O (involving O1 with H6C) and N(-NO 2 )⋅ ⋅ ⋅ C=N intermolecular interaction generates a molecular pair across the centre of symmetry, and the energetic stabilization is −14.7/−15.9 kcal/mole obtained from PIXEL/TURBOMOLE ( Figure 5 ). It is of interest to note that out of the total stabilization of 20.3 kcal/mol, 45% of the stabilization comes from the Coulombic contribution. This molecular pair provides a much higher contribution towards the crystal packing compared with the other molecular pairs. Molecular offsetstacking (involving Cg1 with Cg1 of another molecule, where Cg1 = S1-C1-N1-C3-C2), across the centre of symmetry, also provides stabilization (energy of −11.7/−10.0 kcal/mole) towards the crystal packing. In this case, the centroidcentroid distance is 3.682Å; the two five membered thiazole rings have a lateral displacement with respect to each other. Another molecular pair having comparable pairing energy (−11.2/−10.5 kcal/mole) with the previous one (bifurcated acceptor O1 with H2 and H4A, H6C and O2) forms a chain along the a-axis. The Coulombic contribution towards the total stability is 60%. Another C-H⋅ ⋅ ⋅ O intermolecular interaction constructs a dimer across the centre of symmetry with an energetic stabilization of −9.7/−9.6 kcal/mole. Furthermore, H4B atom participates in a C-H⋅ ⋅ ⋅ intermolecular interaction, which generates a dimer across the centre of symmetry; the energetic stabilization is −9.4/−10.3 kcal/mole. Bifurcated acceptor N1 constructs two different hydrogen bonds (N-H⋅ ⋅ ⋅ N and C-H⋅ ⋅ ⋅ N) along the -axis; the pairing energy is −6.2/−4.5 kcal/mole. In addition, halogen bonding also plays an important role and contributes to the crystal stability. Cl1⋅ ⋅ ⋅ O1 creates a molecular dimer across the center of symmetry with less energy of −2.4/−0.3 kcal/mole. From the graphical plot ( Figure 6 ) of the pairing energy with the centroid-centroid distance, it has been found that most of the molecular pairs with a high pairing energy obtained from the PIXEL calculation are observed in the region between 5.3Å to 7.2Å and the remaining molecular pairs with comparatively reduced stabilization energy exist at much longer distances. Table 6 lists the lattice energy obtained from PIXEL and has been compared with the lattice energy obtained from Crystal 09. (Figure 7(a) ). Similarly, in the back view for the norm , the left side spot is for the interaction of O1 with H2 and the right side spot is for the interaction of N1 with H5 (Figure 7(b) ). Figure 7 (c) shows the shape index of the molecular pair having C-H⋅ ⋅ ⋅ hydrogen bonding with H4B. In the shape index, red and blue triangles indicate the presence of molecular stacking. Figure 7 (d) depicts the molecular pair having the offsetstacking, whereas Figure 7 (e) depicts C-H⋅ ⋅ ⋅ and C⋅ ⋅ ⋅ N intermolecular interaction. Thus, Hirshfeld surface analysis represents a unique approach towards an understanding of different interactions in the crystal structure and is an indispensable tool in crystal engineering.
Hirshfeld Surface
In addition to the Hirshfeld surface analysis, the fingerprint plots also provide some quantitative information about the individual contribution of the intermolecular interaction in the crystal packing ( Figure 8 ). Some distinct spikes (shown by arrows) appearing in the 2D fingerprint plot indicate the different interactions motifs in the crystal lattice. The spikes labeled by 2 and 3 are indicating the C-H⋅ ⋅ ⋅ O hydrogen bond (23.2%) and the spikes labeled by 1 and 4 are indicating the C-H⋅ ⋅ ⋅ N and N-H⋅ ⋅ ⋅ N intermolecular interaction (12.3%). The molecular stacking, in spite of having a substantial energetic stabilization, much less contributes [C⋅ ⋅ ⋅ C (4.5%)] towards the crystal packing. The remaining area of the finger print plot is occupied by H⋅ ⋅ ⋅ H (16.6%) and Cl⋅ ⋅ ⋅ H (13.6%) contact regions.
Conclusion
In summary, we have described the title compound in terms of different noncovalent interactions that govern the crystal packing. The N⋅ ⋅ ⋅ C interaction imparts the maximum stabilization along with other weak intermolecular interactions in the packing. Molecular pairs with C-H⋅ ⋅ ⋅ , -, and N⋅ ⋅ ⋅ C interactions are observed to contribute more than hydrogen bonds. We have analysed the geometrical features of the title compound. The observed molecular conformations of this molecule obtained from X-ray analysis agree well with the conformation obtained from geometrical optimization (DFT + Disp with B3LYP/6-31G * * ). Finally, Hirshfeld surface analysis and fingerprint plots represent a unique approach for understanding of the contribution of individual types of interaction within the crystal structure.
